The two pathological hallmarks of Alzheimer's disease, amyloid plaques and neurofibrillary tangles, involve two apparently unrelated proteins, the amyloid precursor protein (APP) and Tau. Although it is known that aberrant processing of APP is associated with Alzheimer's disease [ Coexpression of APPL and Tau resulted in a pronounced decrease in male viability (37.9% viability in ApplG1a;UAS-Appl UAS-tau/+ males), with the viability for males expressing only APPL or only Tau being much higher (~67% for both ApplG1a;UAS-Appl/+ and ApplG1a;UAS-tau/+ males). In all cases, lethality occurred mostly during the pharate adult stage. More notably, the eclosing adults exhibited an 'infantile' phenotype in which wing expansion and cuticle hardening did not occur. Almost 100% of the eclosed males coexpressing APPL and Tau were infantile, whereas only a small, but significant, fraction of those expressing only APPL exhibited this phenotype (Table 1) . Flies expressing Tau did not differ from controls with respect to the infantile phenotype. These phenotypes were Gal4-dose-dependent, because they were more pronounced in males (which express more Gal4) than in females (Table 1) . Similar results were obtained with the driver c155 (data not shown).
The Appl gene encodes the Drosophila functional homologue of APP [11] . Both loss-of-function Appl mutant flies and APP knockout mice are viable and show behavioral deficits without displaying gross morphological defects [11] [12] [13] . Because gain-of-function phenotypes have often provided important insights into normal cellular functions, including those for proto-oncogene products [14] and cell adhesion molecules [15] , we overexpressed APPL and bovine Tau in Drosophila neurons using the Gal4-upstream activation sequence (UAS) system [16] to investigate whether the cellular functions of APPL and Tau intersect. Transgenic flies were generated carrying the UAS-Appl transgene, with the EcoRI fragment of Appl cDNA s1 [17] inserted downstream of the Gal4-binding UAS promoter. The UAS-tau transgene used expresses a bovine Tau containing four microtubule-binding repeats [18] , because although there are proteins with structures and properties that are analogous to mammalian Tau in Drosophila [19] , the Drosophila tau gene has yet to be cloned. Panneural targeted expression was achieved with Gal4 drivers ApplG1a (a partial Appl promoter upstream of Gal4) and c155 [15] ; both drivers express at higher levels in males due to dosage compensation.
Coexpression of APPL and Tau resulted in a pronounced decrease in male viability (37.9% viability in ApplG1a;UAS-Appl UAS-tau/+ males), with the viability for males expressing only APPL or only Tau being much higher (~67% for both ApplG1a;UAS-Appl/+ and ApplG1a;UAS-tau/+ males). In all cases, lethality occurred mostly during the pharate adult stage. More notably, the eclosing adults exhibited an 'infantile' phenotype in which wing expansion and cuticle hardening did not occur. Almost 100% of the eclosed males coexpressing APPL and Tau were infantile, whereas only a small, but significant, fraction of those expressing only APPL exhibited this phenotype (Table 1) . Flies expressing Tau did not differ from controls with respect to the infantile phenotype. These phenotypes were Gal4-dose-dependent, because they were more pronounced in males (which express more Gal4) than in females (Table 1) . Similar results were obtained with the driver c155 (data not shown).
The increase in the number of adults exhibiting the infantile phenotype indicates a synergistic interaction between APPL and Tau overexpression at the genetic level. We wondered whether the underlying cellular dysfunction was related to vesicle transport because transfection of tau in non-neuronal mammalian cells results in almost complete suppression of organelle movement [4, 5] . Moreover, a phenotype resembling the infantile phenotype has previously been associated with neuroendocrine insufficiency [20] , which in this case could result from defects in transport and/or secretion. Third instar larval peripheral nerves were immunoreacted with antibodies against a synaptic protein, Synaptotagmin. In wild-type larvae, the signal was very low in abdominal nerves containing the motor axons ( Figure 1a ) and was most intense at the neuromuscular junctions (data not shown). Indeed, abdominal nerves of larvae overexpressing APPL showed a significantly higher Synaptotagmin content, evidenced as an enhanced diffused signal with numerous bright punctate dots (Figure 1b) , whereas expression of Tau resulted in large accumulations of Synaptotagmin (Figure 1c ). When both APPL and Tau were overexpressed, the signal was distinct from either APPL or Tau expression alone, as both large accumulations and a higher frequency of bright and larger punctate dots were observed (Figure 1d ).
We also analyzed the distribution of neuropeptide-containing dense core vesicles in larval peptidergic neurons. The central nervous systems (CNSs) of larvae were immunoreacted with antibodies against the neuropeptides myosuppressin (DMS) and DPKQDFMRFamide [21] . Each neuropeptide was expressed in a few cells in the larval CNS [21] . When APPL and Tau were expressed together, the signal for both peptides in the distal processes dramatically decreased whereas somatic and proximal signals remained the same ( Figure 2 ). In CNSs overexpressing APPL, we observed a slight but consistent reduction of signal in axons at the ventral ganglion, whereas Tau expression had only a minimal effect (data not shown). Thus, the transport of both neuropeptide-containing dense core vesicles and synaptic vesicles is disrupted.
These observations suggest that inhibition of microtubuleassociated transport, as in the case of Tau overexpression, can be further compromised by overexpressing APPL.
The interaction observed between APPL and Tau, although synergistic at the organismal phenotypic level, could simply be additive at the transport level. It is worth mentioning, though, that several groups have described a direct physical interaction between APP and Tau [6, 7] , as well as between APP and the cytoskeleton [22] .
APPL overexpression shows genetic interaction with the Kinesin heavy chain gene
If APPL has a role in regulating vesicle transport, alterations in other components of the vesicle transport machinery should also enhance APPL-overexpressionassociated phenotypes in a similar way to the effect that we have observed with Tau. One of these components is the motor protein Kinesin. Kinesin heavy chain, a subunit of the cytoplasmic motor encoded by the vital gene Khc, is essential for synaptic vesicular transport [23] . We tested the effect of a 50% reduction of Kinesin heavy chain, by reducing the Khc gene dose, on the infantile phenotype frequency. The viability of APPL-overexpressing adults was only slightly affected by the decrease in Kinesin heavy chain (ApplG1a;UAS-Appl Khc + /Khc -males showed 73% and 80% viability with Khc null alleles Khc 8 and Df(2R)JP6, respectively; viability was normalized with respect to ApplG1a;UAS-Appl/+ males). Almost 90% of the APPL-overexpressing males showed the infantile phenotype in a Khc -/Khc + background, however, whereas only a small percentage had this phenotype in a Khc + /Khc + background ( Table 2 ). The reduction in Kinesin heavy chain was causal to this effect, as two different Khc null alleles (Khc 8 and Df(2R)JP6) gave the same result, and the phenotype was completely rescued by a transgene containing the Khc + genomic fragment (P(Khc + )) [10] . The effect was also dependent on the amount of APPL protein, because the phenotype was observed only in males (which express more APPL) and not in females.
A viable Khc allele [24] is one of the few mutations that have been described as suppressors of the leg shaking phenotype of the potassium channel mutant Shaker (Sh). Because both APPL overexpression and Khc mutations resulted in axonal retention of Synaptotagmin and showed a genetic synergistic interaction, we tested whether APPL overexpression could also suppress the leg shaking phenotype of Sh. Progeny from the cross Gal4 Sh KS133 × UAS-Appl/CyO (Gal4 designates drivers ApplG1a or c155) were etherized and the leg shaking behaviour of sibling flies with (Gal4 Sh KS133 ;UAS-Appl/+) and without (Gal4 Sh KS133 ;CyO/+) APPL overexpression was timed and visually assessed (see Supplementary material published with this article on the internet). At least 100 females and 50 males of each genotype were tested. In all cases, neuronal APPL overexpression completely suppressed the leg shaking phenotype of Sh KS133 . The suppression was complete during the first three days and started to decrease on the fourth day, a behaviour similar to that described for Sh;Khc double mutants [24] . Older flies exhibited the non-shaking phenotype for a short time (2-3 minutes) immediately after anesthesia, after which they started shaking at intervals.
Thus, alterations in axonal traffic caused by reduction of Kinesin heavy chain are also enhanced by APPL overexpression. Moreover, APPL overexpression and mutations in Khc show phenotypic similarities. In this regard it is interesting to note that nerve injury causes increased expression of several molecular motors [25] together with increased synthesis and secretion of APP [26] .
APPL function
In two backgrounds in which microtubule-associated transport is compromised, APPL overexpression seemed to have a synergistic effect at the organismal level, implying a potential, direct or indirect, role for this protein in microtubule-dependent vesicle trafficking. In the experimental model used in this study, overexpression of APPL alone caused a defect in vesicle trafficking as perceived in Synaptotagmin retention in axons, but the specific step affected Brief Communication 491
Figure 2
Neuropeptide immunoreactivity in larval brains. Larval brains were stained with antibodies against (a,b) myosuppressin (DMS) [21] or (c,d) DPKQDFMRFamide [21] neuropeptides (a gift from R. Nichols). The genotypes are (a,c) wild type and (b,d) c155 w;UAS-Appl UAS-tau 57-3 /+. Third instar larval brains were stained in parallel using standard protocols [29] . The final image is a projection of confocal images obtained using the same parameters for all genotypes. Cell bodies (arrowheads) show similar levels of signal in all genotypes. The immunoreactivity in distal processes (arrows), however, is dramatically reduced when APPL and Tau Recent discoveries have shown that Familial Alzheimer's Disease is caused by mutations in the presenilin genes and that Presenilin1 affects trafficking of membrane proteins, and specifically of APP [27] . The proposed cellular function of APPL in vesicle transport could provide membrane trafficking as a common connection between APP and Presenilins.
Supplementary material
A supplementary figure showing that APPL overexpression suppresses the shaking phenotype of Shaker is published with this paper on the internet. APPL overexpression suppressed the shaking phenotype of Shaker (Sh). Sibling males with (c155 w Sh KS133 ;UAS-Appl/+; right) and without (c155 w Sh KS133 ;CyO/+; left) APPL overexpression were etherized and photographed together under the dissecting microscope using long (1.5-2 second) exposures. Under these conditions, flies that shake (left) appear blurred and out of focus [24] . Progeny from the cross Gal4 Sh KS133 × UAS-Appl/CyO or Gal4 Sh KS133 × UAS-Appl/UAS-Appl (reared at 30°C) were etherized, and the leg shaking behaviour of flies was timed and visually assessed. Similar behaviour was observed in all APPL-overexpressing genotypes, using two panneural Gal4 lines (c155 and ApplG1a) and two UAS-Appl lines (UAS-Appl a and UAS-Appl h ). At least 100 females and 50 males of each genotype were tested (but only 12 w Sh c155;UAS-Appl h /+ males, because this specific Gal4/UAS-Appl combination is semilethal). 
Neuronal overexpression of APPL, the

